Abstract: Two step synthesis of educts for the synthesis of poly(p-xylylene)s was accomplished by Grignard-type coupling reaction of 4-bromotoluene and different aldehydes or p-tolylaldehyde and different aryl bromides followed by conversion of alcohols into corresponding chlorides. Derivatives of poly(p-xylylene) (PPX) were obtained by vapor phase pyrolysis/chemical vapor deposition (CVD) or Gilch-type polymerization of these chlorides. Functional groups along the PPX main chain were introduced by substituted phenyl rings in α-position. The resulting PPXs are soluble under ambient conditions and are amorphous in the solid state. The glass transition temperatures varied only slightly with substituents on the phenyl ring in α-position. Significant enhancement by substituents was found for the thermal stability under nitrogen and a considerable decrease of the surface energies by fluorinated substituents.
Introduction
The main chain of PPX (trade name parylene N) is formed by a strictly alternating sequence of p-phenylene moieties and ethanediylen moieties. PPX represents an important class of aromatic polyhydrocarbons, which gains increasing significance due to promising properties for a variety of applications e.g. in the fields of protective coatings [1] , microelectronics [2] , biomedical applications [3] , and nano-engineering [4] . PPXs can be synthesized either by vapor phase pyrolysis/CVD without the presence of any solvent or by solution based chemistry involving a variety of different C-C bond forming reactions [5] . Efficient CVD routes to PPXs are based upon vapor phase pyrolysis of paracyclophanes [6] or diesters of α,α´-dihydroxy-1,4-xylenes [7] , α,α´-dibromo-1,4-xylenes in the presence of Zn / Cu 2 , or α-bromo-1,4-xylenes [8] at reduced pressure. High molecular weight PPX derivatives can be prepared by solution based chemistry via the so-called Gilch reaction [9] . Here polymerization is launched by a base induced 1,6-dehydrohalogention of 4-halomethyltoluenes. The choice of the synthetic route for the realization of a particular PPX derivative depends on several key issues including the synthetic access to starting materials. The limitation in the design of readily accessible starting materials prevents to a large extent the exploitation of the full potential of this promising class of polymers, in particular of functionalized PPX derivatives. It should be noted here that the term starting material has to be coined instead of monomers since the actual monomers, quinodimethanes, are formed in situ from the starting material, mostly independent of the nature of the polyreaction. It should be also stated that it is yet not clear whether the polyreaction of quinodimethanes is a true polymerization, a polyrecombination reaction or a combination of both. As long as this is the case it is most accurate to refer simply to a polyreaction.
In our previous studies it has been proved that phenyl substituents in α-position result in high molecular weight PPXs with controlled molecular structure in terms of head/tail linkage of repeating units and atactic arrangement of phenyl substituents [10] . Here we report on a versatile general synthetic route to starting materials for the synthesis to a variety of functionalized PPXs based on phenyl substituents in the α-position either by the CVD or by the Gilch route.
Results and Discussion

Synthesis of starting materials
The starting materials (6) used here are based on α-substituted xylenes as shown in Scheme 1 which were obtained by chlorination of corresponding alcohols 5 by thionyl chloride in the presence of pyridine. 5 can be synthesized either by reaction of p-tolyl bromide (1) with Mg and subsequent reaction with functionalized aldehydes (2) or by reaction of functionalized aryl bromides (3) with Mg and subsequent reaction with ptolylaldehyde (4) (Scheme 1). The general strategy to couple aryl substituents via Grignard coupling reactions in the α-position allows the functionalization by a variety of functional groups. This general concept can be extended further by coupling reactions other than Grignard coupling reactions that will be reported in forthcoming papers.
Polymer synthesis
PPXs 7 were obtained by CVD via vapor phase pyrolysis of 6 or by the Gilch route (Scheme 1). The choice between the CVD route and the Gilch route is guided by the suitability of starting materials. Crucial parameters are volatility of the starting materials, their thermal stability, and the reactivity of the chlorine atom in 6 for nucleophilic displacement by the tert-butoxide anion, which results in the unwanted ether and not in the corresponding 1,4-quinodimethane originating from 1,6-dehydrohalogenation reaction.
Polymer 7a, which has been described previously [10] , is reported here only for comparison. In general, polymers 7 are soluble and fusible under feasible conditions (in contrast to PPX) which allow accurate characterization by standard analytical techniques and processing from the melt or solution state. The polymer yields range from 31-69 %. In spite of these moderate yields M n > 10000 were obtained for 7a -d, e, f, h, j. This discrepancy between polymer yield and M n is a typical feature of PPX synthesis and has been observed for other PPX derivatives [11] . The monomers, 1,4-quinodimethanes, were generated from starting materials, which is the yield-limiting reaction. PPX yields are quantitative when the generation of 1,4-quinodimethanes from starting materials is quantitative, as reported for [2.2] paracyclophanes [6] . Nevertheless, once 1,4-quinodimethanes are formed, spontaneous polymerization takes place at reaction temperatures < 30 °C resulting in high molecular weights. Control of molecular weight by chain transfer reactions is up to now very limited and very often connected to a decrease in the polymer yield [12] (we will report in a forthcoming paper on a new highly efficient chain transfer agent for the synthesis of PPXs by the Gilch route [13] ).
As mentioned before, the molecular structure of PPXs with phenyl substituents in α-position are characterized by head/tail linkage and by atactic arrangement of the phenyl substituents. This structural arrangement is also found here for polymers 7b -j. Consequently, 7b -j are amorphous polymers displaying glass transition temperatures between 89 -136 °C (Tab. 1). Somewhat surprisingly the glass transition temperature of 7e (T g = 136 °C) is only 16 K higher than the one of 7a (T g = 120 °C). In contrast, the effect of phenyl versus biphenyl substitution is much more pronounced in polystyrene. The glass transition temperature of polystyrene is 95 °C whereas that of poly(4-vinylbiphenyl) is 180 -185 °C [14] . Obviously, the effect on chain rigidity by additional substitution in α-position is smaller for PPXs. Unexpected is also the relatively low glass transition temperature of 98 °C of polymer 7h, which cannot be attributed to molecular weight effects.
The temperature of 5 % weight loss (T 5% ) of 7a was found to be 420 °C (Tab. 1), which is lower than T 5% (460 °C) of unsubstituted PPX prepared by CVD using paracyclophane as starting material. Obviously, phenyl substituents in α-position can cause lower thermal stability under nitrogen. T 5% of 7h (368 °C) and 7j (330 °C) were found to be significantly lower than the one of 7a. However, T 5% (460 °C) of the CF 3 -substituted 7f compares to the value of the unsubstituted PPX. In contrast, T 5% (390 °C) of the 2,5-bis-CF 3 -substituted 7j is lower than the one of 7a. This discrepancy cannot be attributed to end group effects (high molecular weight). It is more likely that the PPX main chain with phenyl substituents in α-position is stabilized by -Isubstituents in para-position and destabilized by +I-substituents in para-position (7h, 7j).
Tab. 1. Molecular weight and thermal properties of polymers 7 Significant effects of the substituents were also observed for surface energies obtained by contact angle measurements using water and methylene iodide as test fluids (Tab. 2). The tuning of surface energies can be of major importance, e.g., for the biocompatability of stent coatings, which is a major application of PPX. Here, the surface energy of unsubstituted PPX was found to be 43.8 mJ/m 2 . The surface energy of 7a is slightly lower than of PPX. The surface energy amounted to the same value for the p-fluoro-substituted 7b (35.5 mJ/m 2 ), whereas the surface energies of the CF 3 -substituted 7f and the 2,5-bis-CF 3 -substituted PPX 7j are close to 25 mJ/m 2 . These surface energies of 7f and 7j compare well with the surface energy of polytetrafluoroethylene that has been found to be 21.72 mJ/m 2 [15] . Obviously, CF 3 -substitutions cause very efficient reduction of surface energies that can be of interest for a variety of surface-related applications such as dry lubricants, surface protection, and, as mentioned above, for biomedical applications such as coating of implants (stents, electrodes etc.). In contrast, the surface energy of the OCH 3 -substituted 7h (45.5 mJ/m 2 ) was found to be significantly higher. 
Experimental Part
Materials
All reactions were carried under inert gas atmosphere using Schlenk-line technology. All solvents were dried and distilled prior to use by standard technologies.
Measurements
IR-spectroscopy was performed using a Perkin Elmer FT-IR 1600 (KBr pellets).
1 H NMR spectra (300 MHz) and 13 C NMR spectra (75 MHz) were recorded on a Bruker AC 300.
19
F NMR spectra (188 MHz) were recorded on a Bruker AC 200. Glass transition temperatures (T g ) were measured by differential scanning calorimetry (DSC), which was performed using a Mettler DSC 20 in standard aluminium pans with a heating rate of 10 K/min. The temperature of 5 % weight loss (T 5% ) was obtained by thermogravimetric analysis (TGA), which was performed under nitrogen atmosphere with a heating rate of 20K/min using a Mettler TA 3000 processor. GPC measurements were performed with tetrahydrofuran (THF) as solvent and a set of 5 µm mixed bead columns (PSS) and a Viscotek detector applying universal calibration. Surface energies were determined from contact angles obtained from a Krüss contact angle system G10 (software SCA 20, version 1,21 Build 56).
Synthesis of (4-fluorophenyl)-(4-methylphenyl)methanol, 5b
A three-necked flask equipped with stirring bar, reflux condenser and a dropping funnel was charged with 6.1 g of Mg (0.25 mmol) and 60 ml of THF. 41 g of 1 (240 mmol; 1.2 eq.) were dissolved in 50 ml of THF and added dropwise to the Mg slurry. The reaction was stirred and heated to reflux for another hour after completion of addition. After cooling of the reaction mixture to 20 °C, 24.8 g of 2b (200 mmol) dissolved in 130 ml of THF were added dropwise. Upon completion of the addition, the reaction mixture was heated to reflux for 2 h. The reaction mixture was then cooled and quenched by addition of 200 ml of saturated NH 4 Cl solution. The mixture was extracted with diethyl ether and the combined organic extracts were dried over Na 2 SO 4 . 5b was isolated by fractionated vacuum distillation. 
Synthesis of (4-bromophenyl)-(4-methylphenyl)methanol, 5c
The synthesis of 5c was performed as described for 5b. 
Synthesis of (3-bromophenyl)-(4-methylphenyl)methanol, 5d
The synthesis of 5d was performed as described for 5b. 
Synthesis of (4-biphenyl)-(4-methylphenyl)methanol, 5e
The synthesis of 5e was performed as described for 5b. 
Synthesis of (4-methylphenyl)-(4-trifluoromethylphenyl)methanol, 5f
The synthesis of 5f was performed as described for 5b but 1 was replaced by 3f and 2 was replaced by 4 (route B). 
Synthesis of (4-tert-butylphenyl)-(4-methylphenyl)methanol, 5g
The synthesis of 5g was performed as described for 5f but 1 was replaced by 3g and 2 was replaced by 4 (route B). 
Synthesis of (4-methoxyphenyl)-(4-methylphenyl)methanol, 5h
The synthesis of 5h was performed as described for 5b but 1 was replaced by 3h and 2 was replaced by 4. 
Synthesis of (4-methylphenyl)-(4-phenoxyphenyl)methanol, 5i
The synthesis of 5i was performed as described for 5b but 1 was replaced by 3i and 2 was replaced by 4 (route B). 
Synthesis of [3,5-bis(trifluoromethyl)phenyl]-(4-methylphenyl)methanol, 5j
The synthesis of 5j was performed as described for 5b but 1 was replaced by 3j and 2 was replaced by 4 (route B). 
Synthesis of 6b
A flask with stirring bar, reflux condenser and dropping funnel was charged with 28.54 g of SOCl 2 (240 mmol), 0.1 ml of pyridine, and 180 ml of toluene. 40.00 g of 5b (185 mmol) were dissolved in 150 ml toluene and were added dropwise at 20 °C to the reaction mixture. After completion of addition the mixture was heated to reflux for 3 h. The reaction was cooled to 20 °C and quenched by addition of 80 ml of water. 130 ml of tert-butyl methyl ether were added to the reaction mixture. This mixture was extracted with saturated aq. Na 2 HCO 3 solution and finally with water. After separation of organic and aq. Phase, 6b was isolated by fractionated vacuum distillation. 
Synthesis of 6c
The synthesis of 6c was performed as described for 6b. 
Synthesis of 6d
The synthesis of 6d was performed as described for 6b. 
Synthesis of 6e
The synthesis of 6e was performed as described for 6b.
m.p. 83-84 °C. Yield 13.80 g (46 mmol), 84 % (based on 5e). 6e was purified by recrystallization (ethanol).
IR (KBr, cm 
Synthesis of 6f
The synthesis of 6f was performed as described for 6b.
m.p. 67-68 °C. Yield 6.50 g (23 mmol), 66 % (based on 5f). 6f was purified by recrystallization (ethanol).
Synthesis of 6g
The synthesis of 6g was performed as described for 6b. 
Synthesis of 6h
The synthesis of 6h was performed as described for 6b. 
Synthesis of 6i
The synthesis of 6i was performed as described for 6b.
m.p. 67 -68 °C. Yield 20.00 g (65 mmol), 81 % (based on 5i). 6i was purified by recrystallization (ethanol).
Synthesis of 6j
The synthesis of 6j was performed as described for 6b. 
Synthesis of poly(3-bromophenyl-1,4-xylylene) (7d) by CVD
The polyreaction was performed as described for 7b.
Yield 2.00 g (7.7 mmol), 60 %. 
Synthesis of poly(4-biphenyl-1,4-xylylene) (7e) by the Gilch route
A flask equipped with a stirring bar, reflux condenser, and septum was charged with 1.68 g of potassium butanoate (15 mmol) suspended in 150 ml of THF. This mixture was degassed and heated to reflux. 4.35 g of 6e dissolved in 15 ml of THF were injected rapidly to the reaction mixture. Heating was continued for 2 h. The hot reaction mixture was quenched by pouring into methanol. 7e was isolated by filtration and purified by repeated washing with water and methanol, reprecipitation from chloroform, and finally by drying in vacuum at 60 °C. 
Synthesis of poly(4-phenoxyphenyl-1,4-xylylene) (7i) by the Gilch route
The polyreaction was performed as described for 7e. 
Synthesis of poly(3,5-bis(trifluoromethyl)phenyl-1,4-xylylene) (7j) by CVD
Yield 0.50 g (3.2 mmol), 62 %. 
Conclusion
PPX with substituents on the phenyl ring in α-position are accessible by straight forward synthesis of starting materials and by synthesis of PPX via CVD and the Gilch route, respectively. Glass transition temperatures vary only slightly with substituents. However, the thermal stability under nitrogen can be improved by strong -I substituents in para-position, whereas strong +I substituents cause a decrease of the thermal stability. Surface energies can be decreased most significantly by fluorosubstituents, in particular by CF 3 -groups, which is of interest for a variety of applications. The substitution by reactive substituents such as fluoro-or bromo-substituents is of interest for polymer analogous reactions in the sense of derivatization or grafting which will be the topic of forthcoming papers.
